Background & objectives: Oral administration of tender leaf extract of Glycosmis pentaphylla is traditionally known to prevent the chikungunya virus infection. Even with wide usage, the antiviral components in this plant are neither identified nor characterized. This study was carried out with the objectives of profiling the phytocompounds in this plant through LC-MS/MS and to identify the active antiviral constituents and their drug-likeliness through molecular docking.
INTRODUCTION
Since time-immemorial, human kind has been remained dependent on plants for their medicinal effects and today, the demand is on the rise due to the presumed lesser side-effects. Secondary metabolites, which are not directly involved in growth, development and reproduction of plants, are the key elements for medicinal properties of plants. The traditional medicinal systems such as Ayurveda work through combining several phytocompounds in suitable proportions. Orange berry [Glycosmis pentaphylla (Retz.) Correa], distributed in the Western Ghats (India) and throughout the tropical humid climates of the world, is used in Ayurveda for cough, rheumatism, anaemia, cancer and jaundice. The tender leaf infusion of the plant is orally administered as a preventive strategy against chikungunya virus (CHIKV). The antifungal 1 activities of this plant have been scientifically explained. Further, the medicinal properties including the antioxidant effects of berries owing to their free-radical seeking properties 2 , apoptosis Extraction of active ingredients followed by liquid chromatography-tandem mass spectrometry (LC-MS/ MS) analysis and in silico docking is the accepted strategy for drug discovery 9 . Molecular docking facilitates the screening of large number of phytocompounds for their capability to interact with and deactivate the viral proteins or infection induced proteins in human body and is an effective strategy in drug discovery. This study was aimed to characterize the active ingredients in G. pentaphylla through LC-MS/MS and to identify the antiviral compounds against chikungunya through molecular docking.
MATERIAL & METHODS

Plant material
The whole plants of G. pentaphylla were collected from it natural habitat in Kerala state, India (10.85° N, 76.27° E). Leaves were cleaned with distilled water, shade-and oven-dried at 40 °C, and milled into fine powder. The leaf powder was subsequently used for hydroalcoholic extraction (90 : 10) of phytocompounds.
Extraction and identification of phytocompounds
Hydroalcoholic extraction of phytochemicals was done by percolation at room temperature followed by filtration using the standard protocols 10 . The extract was maintained in a conical flask tightly plugged with cotton ( Fig. 1 ) and concentrated using hot water bath. Samples were analysed by LC-MS/MS analysis in UPLC machine (Waters Acquity, Milford, USA) with triple quadrupole mass spectrometer. Crude extract (5 ppm) was infused using acetonitrile and water in the ratio 1 : 1 and formic acid. Electro spray ionization with a positive mode polarity (ES+) was given at 3300 V capacity voltage, 35 V cone voltage, 8 L/min gas flow rate, 150 °C source temperature and 500 °C desolution temperature.
In silico docking studies for antiviral properties
The phytocompounds extracted from the leaves of G. pentaphylla were used in the molecular docking studies. Three dimensional structures of these compounds were retrieved from PubChem database (https://pubchem.ncbi.nlm.nih.gov/) in .sdf format 11 . The protein targets were identified from the chikungunya drug target database (CDTD, http://www.biocdtd.org/). Three-dimensional X-ray crystallographic structures were downloaded from the Protein Data Bank (http://www.rcsb.org/ pdb/home/home.do), and used to dock with the identified phytocompounds.
Preparation of ligands and their filtration
Software discovery studio (DS), version 4.0 was used in the molecular docking studies. Preparation of the retrieved structures of ligands was done using 'Prepare ligand' protocol in DS, which removed duplicates, enumerated tautomers/ isomers, added hydrogen bonds and minimized energy using CHARMm (Chemistry at Harvard Macromolecular Mechanics) force field 12 . The prepared ligands were filtered by Lipinski's Rule of five (Ro5) and Vebers' protocol (VP) that defines the criteria for drug-likeness and focuses on drugs' bioavailability [13] [14] . The Ro5 and VP were used to screen the compounds on the basis of molecular weight (MW, ≤500 daltons), number of hydrogen bond donors (HBD, ≤5) and hydrogen bond acceptors (HBA, ≤10), number of rotatable bonds (RB, ≤10), logP value (≤5) and polar surface area (PSA, ≤140 Å2). The filtered ligands were then forwarded for molecular docking with chikungunya target proteins.
Preparation of protein molecules and active site identification
A total of 12 protein targets for chikungunya disease, reported in CDTD were used in the study. The 3D structures were downloaded from PDB (Fig. 2) . Of the 12 proteins, five were viral proteins viz. immature glycoprotein complex, mature envelope glycoprotein complex, macrodomain protein of CHIKV, nsp3 macrodomain and chikungunya nsp2 protease. The other proteins included, heat shock protein 70 kDa (HSP 70), interleukin 6 (IL-6), tumour necrosis factor α (TNF-α), interferon β, signal transducer and activator protein, human leukocyte antigen and actin. The 'Prepare protein' protocol of DS corrected the protein structures by inserting missing at- oms, adding hydrogen atoms, modelling loop regions and side chains, removing water molecules, natural ligands and heteroatoms and minimizing the energy to achieve stable conformation by using CHARMm force field. The active sites were selected using the current selection option of DS. Including the selected active site and critical functional residues present in the protein, a grid receptor sphere was generated (Fig. 3 ).
Molecular interaction and binding
Molecular docking was performed between the structures of prepared chikungunya target proteins and those of phytocompounds by 'CDOCKER' protocol of DS 15. The pose which contained the least difference between CDOCKER energy and CDOCKER interaction energy was considered as best interaction, along with the lowest binding energy calculation as the scoring function. Number of hydrogen bonds between the targets and the ligands were also recorded.
Pharmacokinetic evaluation
The in silico tool 'ADMET descriptors' in DS was used to evaluate the pharmacokinetic parameters and to assess the quality of the molecule in terms of absorption, distribution, metabolism, excretion and toxicity after human ingestion 16 . This technique reduces the cost and chance of clinical failures of new drugs. The parameters calculated by this descriptor included human intestinal absorption, aqueous solubility, blood brain barrier (BBB), hepato-toxicity, CYP2D6 inhibition and plasma protein binding (PPB) 17 
.
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RESULTS
LC-MS/MS analysis yielded the chromatographic peaks representing the mass of the phytocompounds (Fig. 4) . The peaks represented the relative abundance of individual molecules in the extract. Based on the standard protocol, using the mass to charge ratio of the molecules, 23 phytocompounds were identified from the library and used in the molecular docking studies ( Table 1 ). The prepared ligands were filtered on the basis of Lipinski's and Veber's rule. All the ligands, except myricyl alcohol, passed these rules (Table 2 ) and were subjected for further docking.
The binding sites for the receptor proteins were selected from the software on the basis of PDB site recorder. Molecular docking was performed for the targets identified for chikungunya virus with the selected ligands. A total of 10 poses were allowed to be obtained for each interacting molecules. The scoring function was analysed among the molecules using CDOCKER energy, CDOCKER interaction energy and binding energy calculation. Hydrogen bond formation among the targets and ligands were also recorded. The docked poses for each of the compounds were evaluated (Table 3 ) and the pose with lowest binding energy was considered as the best interaction (Table 4) . No. of H-bonds No. of H-bonds No. of H-bonds 
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Dock scores for immature glycoprotein complex showed that the interaction energy for isovaleric acid and avicequinone-C had minimum difference between the CDOCKER energy and CDOCKER interaction energy (Table 4) . Isovaleric acid bound to the protein (bond distance -2.093 Å) with a binding energy of -92.909 kcal/ mol. Hydrogen bond formed during this interaction was found to involve the Lys279 amino acid residue. Avicequinone-C interaction with the target immature glycoprotein complex had a binding energy of -50.803 kcal/ mol (bond distance -1.873 Å). A single hydrogen bond involving Lys279 was generated in this interaction. Out of 22 ligands used for docking, only 21 ligands showed interaction. Among these hydrogen bonds and binding energy was obtained only for isovaleric acid and avicequinone-C.
Mature envelope glycoprotein of chikungunya had interacted with 17 compounds (Table 3) . Among these compounds, only isovaleric acid and avicequinone-C displayed favourable levels of interaction. Isovaleric acid displayed a binding energy of -144.711 kcal/mol. This interaction resulted in a hydrogen bond of 2.072 Å with the involvement of Asn231 as critical amino acid residue. Avicequinone-C interaction showed a comparatively lower binding energy (-44.211 kcal/mol). But this interaction also yielded two bonds with bond distances of 1.972 and 1.757 Å, where critical amino acid residues involved were His232 and Lys233, respectively. Docking the ligands from leaf extract with the macrodomain of chikungunya virus had yielded satisfactory interaction by 22 molecules (Table 3) . Isovaleric acid formed three hydrogen bonds with this protein, involving amino acid residues Thr111, Gly112 and Tyr114. The binding energy obtained from this interaction was -169.707 kcal/mol and the hydrogen bond distances were 2.377, 2.078 and 2.090Å, respectively. Avicequinone-C formed two hydrogen bonds involving the amino acids Val33 and Ser110 with bond distances of 2.146 Aº and 2.299 Å, respectively.
Of the 21 ligands that interacted with CHIKV nsp3 macrodomain protein, interaction was best for isovaleric acid with binding energy of -154.307 kcal/mol forming two hydrogen bonds at bond distances of 2.329 and 2.043 Å (Table 4) . Avicequinone-C formed three hydrogen bonds with binding energy of -76.983 kcal/mol. Amino acids involved were Val35, Ser112 and Thr113 and the hydrogen bond distances were 1.976, 2.344 and 2.278 Å, respectively.
Among 18 interacting phytocompounds with interleukin IL-6, only two compounds were rated with good dock score values. Isovaleric acid formed three hydrogen bonds at 2.491, 2.024 and 1.932 Å (Table 4) . In all these bonds, amino acid involved was Arg179 and the binding energy was -141.095 kcal/mol. Avicequinone-C interacted with the protein forming a single hydrogen bond (bond distance of 1.754 Å). The protein targets selected for the study, TNFα, nsp2 protease and HSP-70 showed no interaction with phytocompounds from the leaf extract of Glycosmis pentaphylla (Table 3) .
Both isovaleric acid and avicequinone-C interacted well with the interferon β protein but interaction by isovaleric acid was better, with bond distance of 2.279 Å. Ser 12 was the amino acid involved and binding energy was -61.483 kcal/mol. When signal transducer and activator of transcription II proteins were docked, 18 compounds interacted but only avicequinone-C formed a hydrogen bond through Arg980 at 1.889 Å distance. Among the 19 leaf compounds that reacted with human leukocyte antigen, only avicequinone-C showed satisfactory interaction. Amino acid His167 was involved in the hydrogen bond formation with a bond distance of 2.393 Å and binding energy of -48.604 kcal/mol. With the actin, 21 ligands reacted but only isovaleric acid and avicequinone-C had satisfactory interaction. Isovaleric acid formed two hydrogen bonds through Lys18 with the bond distances of 2.147 and 1.912 Å and binding energy of -170.727 kcal/mol. Avicequinone-C formed two hydrogen bonds through Tyr306 and Lys336 at 2.167 and 1.724 Å distance. ADME/T properties of the G. pentaphylla compounds which interacted with all the chikungunya targets are summarized in Table 5 . The ADME/T properties of isovaleric acid and avicequinone-C were critically assessed and most of the scores were within the optimum level, except two parameters. Even with that they had acceptable level for bioavailability, showing that these compounds are suitable for developing antiviral drugs against chikungunya.
DISCUSSION
Various classes of compounds viz. terpenoids, amides, coumarins and flavonoids 18 have been reported from Glycosmis pentaphylla. The phytochemicals identified include arborinine, glycozolicine, 3-formyl carbazole, glycosinine, mupamine, varbazole, 3-methyl carbazole, glycolone, glycozolidol, glycozolinine, glycophymoline, glycophymine, glycomide, glycozoline, noracronycine, des-N-methyl acronycine and des-Nmethyl noracronycine 19 . Air-dried leaves of Glycosmis contain two furoquinoline bases, kokusaginine and skimmianine; additionally, glycophymoline, glycophymine, glycomide, glycozoline, noracronycine, des-N-methyl acrocynine and des-N-methyl noracronycine have been reported from this plant 2 . Other alkaloids reported from the leaves include glycosine, arborine, glycosminine, arborinine (major), glycosamine glycorine, glycosmicine, γ-fagarine triterpenes, arbinol and isoarbinol, arborinone, two isomeric terpene alcohols, myricyl alcohol, stigmasterol and ß-sitosterol 18 . However, none of these compounds have been screened and reported for their antiviral properties.
The genome of CHIKV consists positive sense, single-stranded RNA. There are two open reading frames (ORFs), at the 5'-end encoding the non-structural pro- 20 , nsp2 protease acts as protease and helicase, nsp3 is part of the replicase unit and an accessory protein involved in RNA synthesis, and nsp4 is RNA-dependent-RNA polymerase 21 . For the synthesis of viral negative strand, the nsp1-2-3 precursors and nsp4 functions as a complex. The ORF at the 3'-end encodes the structural proteins, the capsid (C), envelope glycoproteins E1 and E2 and two small cleavage products (E3, 6K). These proteins, play significant role during the essential steps in the lifecycle of the virus, and hence, considered as possible targets for drug design.
Of the candidate proteins selected, HSP-70 is reported to assist the CHIKV in mammalian cell entry by acting as a binding protein 22. During chikungunya infection, the inflammatory response of the protein, IL-6 mediates the virus. The activation of viral infection is associated with increased expression levels of another protein, TNF-α. It helps in induction of apoptosis in cells. The protein interferon-β is released by host cells as an immune response trigger during viral infection. Following the viral infection with enhanced expression, these interferons are expressed by fibroblasts 23 . The CHIKV utilises signal transducer and activator of transcription 2 (STAT2) to facilitate infection in mammals 24 . Isovaleric acid and avicequinone-C have shown satisfactory interaction with chikungunya envelope glycoprotein complex which have important role in viral entry into the cells. Lys279 residue in immature glycoprotein complex was found to interact with both of these molecules. Asn231 residue in mature glycoprotein complex interacted with isovaleric acid whereas His232 and Lys233 were the residues interacting with avicequinone-C. A recent conformational sampling through docking has reported Gly91 and His230 in chikungunya glycoprotein complex as the key residues in fusion function 25 . The study established that two molecules, isovaleric acid and avicequinone-C are the antiviral agents in G. pentaphylla. The isovaleric acid is reported to induce profound effects on mammalian systems, including the alteration in key enzyme activities 26. Valeric acid was previously identified to have antiviral properties and was used in the formulation of a virucidal ointment for prevention of transmission and contraction of common colds 27 . Similarly, valeric acid derived o-hexylphenoxy acetic acid was also demonstrated to have antiviral activity against Japanese B encephalitis virus 28 . Avicequinone-C extracted from Avicennia leaves is reported to have hepato-protective action and activity against the toxic agents 29 . Though, an earlier molecular docking study has shown that molecules including the avicequinone-C from mangroves hold high level therapeutic potential due to its capability to interact with a wide spectrum of disease related proteins 30 , the antiviral property of this molecule has not been shown so far. The study findings revealed the antiviral activity of avicequinone-C and explained the mode of interaction of the molecules.
CONCLUSION
Traditional system use G. pentaphylla to treat the chikungunya disease. This study, designed to understand the molecular mechanism of antiviral property of this plant through molecular docking of its active ingredients, indicates that isovaleric acid and avicequinone-C molecules are capable to interact with the chikungunya causing proteins. ADME/T profiling of the phytocompounds revealed that these two compounds are promising molecules for proceeding into drug development against chikungunya virus.
